Penumatsa KC, Fanburg BL. Transglutaminase 2-mediated serotonylation in pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 306: L309 -L315, 2014. First published December 27, 2013 doi:10.1152/ajplung.00321.2013.-The monoamine serotonin (5-HT) has been previously implicated in pulmonary arterial remodeling and is considered a potential therapeutic target for the disease pulmonary arterial hypertension (PAH). More recently, it has been recognized that the enzyme tissue transglutaminase (TG2) mediates cross-linking of proteins with 5-HT, a posttranslational process of monoaminylation known as "serotonylation." TG2 activity and serotonylation of protein participate in both smooth muscle proliferation and contraction produced by 5-HT. Indeed, markedly increased TG2 activity has now been identified in lung tissue of an experimental rodent model of pulmonary hypertension, and elevated serotonylation of fibronectin and the signaling molecule Rho, downstream products of transglutamidation, have been found in blood of patients with PAH. The basic mechanism by which TG2 is activated and the potential role(s) of serotonylated proteins in pulmonary hypertension remain a mystery. In the present review we have tried to address the current understanding of 5-HT metabolism in pulmonary hypertension and relate it to what is currently known about the evolving cellular process of serotonylation. serotonin; transglutaminase 2; transglutamidation; serotonylation; pulmonary hypertension SEROTONIN (5-hydroxytryptamine/5-HT) is a monoamine synthesized from the essential amino acid tryptophan by a twostep reaction that requires both hydroxylation and decarboxylation (Fig.
SEROTONIN (5-hydroxytryptamine/5-HT) is a monoamine synthesized from the essential amino acid tryptophan by a twostep reaction that requires both hydroxylation and decarboxylation ( Fig. 1 ). Tryptophan hydroxylase (Tph) is rate limiting in its synthesis, and at least some locations of peripheral synthesis presently identified in mammals include the gut and endothelium of the vasculature (15, 84) . There are likely to be other peripheral locations as yet unidentified. The peripheral synthesis is under regulation of the Tph1 gene. 5-HT is also synthesized centrally in the nervous system under regulation of the Tph2 gene and does not cross the blood-brain barrier, so peripheral and central 5-HT are thought to be compartmentalized (84) . In its degradation 5-HT is oxidized sequentially by monoamine oxidase and aldehyde dehydrogenase, and its metabolite, 5-hydroxyindolacetic acid (5-HIAA), is excreted in the urine. 5-HT was first identified as a vasoconstricting substance in blood and it is this action from which it gets its name, i.e., sero (serum) and tonin (tone) (66) .
Serotonin that is released into the blood from tissue is taken up and stored by platelets that serve as a source for its participation in such actions as containment of bleeding by clot formation and local vasoconstriction. 5-HT is best known for its participation in a variety of neuroregulatory functions in humans, including neurotransmission, behavior regulation, and mood alterations (5) , but it also takes part in such activities as contraction of the gut (20) and vasculature (89) and bone formation (88) . In addition to its presence in humans and animals, 5-HT exists in various species of the plant kingdom and has been identified in such diverse organisms as fruit flies, locusts, and fungi, where its functions are largely unknown. Thus 5-HT is a simple molecule with considerable participation in biological systems and of current general interest.
Serotonin-Related Cell Signaling Pathways
Serotonin basically interacts with cells at their surfaces in two ways, one through a receptor and the other through a transporter. Increasing numbers of different 5-HT receptors have been recognized; there are now ϳ15-16 of them that have been individually identified (28, 61) . The reason for their large number and possible redundancy in function remains unknown. They participate in multiple signaling pathways to produce a cellular effect. To further complicate matters there is also a 5-HT transporter (only one is known presently) (SERT) that acts somewhat like a receptor and internalizes 5-HT through signaling pathways by a sodium-driven active transport process (8) . Both the transporter and receptors are known to exist on a large variety of cells throughout the body so they have the potential to interact in numerous biological events. Among these are pulmonary artery smooth muscle cell (PASMC) proliferation and contraction, hallmarks of pulmonary arterial hypertension (PAH) (19, 52) .
Cell signaling in PASMCs produced by 5-HT occurs through multiple pathways that include MAPK, Rho/ROCK, and Akt (Fig. 2) . There is interaction between these pathways and this has been referred to as "combinatorial" cell signaling (47) . Additionally, SERT is known to bind and interact with other receptors such as the platelet-derived growth factor receptor (PDGFR) (46, 68) . There may be similar interactions with other cell receptors including that for bone morphogenetic protein (BMP) type 2 (49) . Generation of reactive oxygen species (ROS) participates in the signaling events produced by 5-HT (41, 43, 80) . The physiological events to which these signals lead include PASMC proliferation and contraction (18, 54) .
Serotonin and Pulmonary Hypertension
There have been multiple animal studies that relate 5-HT biology to pulmonary hypertension (PH). The fawn hooded rat, known to have a defect in 5-HT transport, was found many years ago to develop spontaneous PH (74). Eddahibi et al. (16) first reported that SERT knockout mice failed to develop PH when exposed to hypoxia and Guignabert et al. (22) later showed that mice with a SM22-activated promoter overexpressing vascular SERT spontaneously develop PH. Additional studies have demonstrated a role for 5-HT receptors in PH (9, 36, 40, 52) . These receptors have been of variable types and there is no indication of their specificity for the pulmonary vasculature. More recent studies utilizing pharmacological and genetic approaches have emphasized the importance of Tph1 (and, thus, 5-HT synthesis) in experimental PH in mice and have suggested that this is a possible target of therapy for PAH (2, 56, 57, 70) . Presently, both Tph1 and SERT knockout mice are available for study, and although these animals show no overt phenotype they both fail to respond to an experimental stimulus that produces PH. Perhaps the first observation in humans that there may be an association between 5-HT and PH was that made by Herve et al. (25, 26) , who found elevation in plasma 5-HT and reduced platelet 5-HT in patients with combined familial platelet storage disease and PAH. Shortly after this, it became widely recognized that ingestion of derivatives of fenfluramine, an appetite suppressant and agonist of SERT (42), is associated with development of PAH (1, 51, 69). Eddahibi et al. (17) found increased expression of SERT in PASMCs derived from patients with PAH and chronic obstructive pulmonary disease associated with PH (14), compared with control subjects. They also reported that SERT gene polymorphism, LL genotype rather than LS and SS genotypes, is associated with increased SERT expression and activity in these patients. Elevated plasma levels of 5-HT have been found in humans with pulmonary hypertensive disease, thereby further supporting a likelihood of association of PAH with alterations in 5-HT metabolism (37) . Thus there is a growing recognition of an association between 5-HT and PH both in animal and human studies. However, the specific related mechanism of this association has not been identified.
Transglutaminase 2-Mediated Posttranslational Protein Modification by 5-HT
The recent recognition of posttranslational modification of proteins by the enzyme transglutaminase may offer new insight into an end-product chemical function for 5-HT. First identified in the food industry, where it changes the consistency of meats the enzyme transglutaminase produces a cross-linking between glutamine and lysine moieties of proteins, peptides, and small amine-containing molecules. This transglutamidation reaction has been identified to occur for the monoamine 5-HT and the term for its chemical reaction has been coined "serotonylation" (85) (Fig. 3) . Furthermore, multiple other monoamines have been found to produce similar posttranslational modifications of proteins by transglutaminase and the process is broadly referred to as "monoaminylation" (30, 85, 86) . Recent advances in studying these posttranslational protein modifications have identified novel regulatory pathways that may be helpful in providing insights into poorly understood pathogenesis of diseases such as PAH and hypoxiainduced PH that occurs in chronic obstructive pulmonary disease and high-altitude exposure.
Transglutaminase 2 Expression and Activation
Initial studies on transglutaminases were focused on Factor XIII of the coagulation cascade. Factor XIII was shown to be required for cross-linking of fibrin and in turn for smooth muscle cell migration during tissue repair (60) . A variety of transglutaminases have been identified; the cellular one that is ubiquitously present in many mammalian organs has been referred to as tissue transglutaminase type 2 or TG2 (50, 77) . TG2 is present in many cell types including endothelial, smooth muscle, and immunologically related cells (72) . Intracellular TG2 is constitutively localized in the cytosol, and it has also been shown to translocate and is found in the plasma membrane, mitochondria, and nucleus (63) . It has been shown to be involved in cell adhesion, migration, survival, proliferation, apoptosis, and regulation of gene expression (35, 39, 50, 53, 59, 63) . In addition, TG2 is also secreted into the extracellular matrix via a constitutive nonclassical pathway and has been well studied for its role in matrix stabilization and wound healing (7, 11) . Nitric oxide (NO) has been shown to induce S-nitrosylation of TG2, thereby inhibiting TG2 secretion into the extracellular space (73) , whereas an increase in intracellular Ca 2ϩ induces TG2 secretion and activation (98) . However, the specific mechanisms involved in TG2 secretion are not well understood. Several intra-and extracellular proteins including the ones that are important for vascular contraction have been reported to be TG2 substrates (21) . TG2 has high affinity for the fibronectin NH 2 -terminal domain (27) and binds strongly to fibronectin (4, 55, 82) .
Recently Oh et al. (62) reported that TG2 is required for differentiation of a subset of T-helper cells producing interleukin 17 and the fibrogenic effects of TGF-␤ in a bleomycininduced pulmonary fibrosis model. Activation of TG2 has been observed to be mediated through ROS generation in response to TGF-␤ (44) and arachidonic acid (95) treatment in a fibroblast cell line. Studies in mice have shown that inhibition of TG2 activity reduces inflammation associated with acute lung injury (78) and bronchospasm produced by ovalbumin challenge (38) . Jang et al. (31) showed that TG2 expression and intracellular activity are increased through a hypoxia-inducible factor-1 (HIF1)-dependent pathway in hypoxic tumor cells. We have observed that TG2 expression and activity are increased in bovine + + + NH3 Fig. 3 . Schematic illustration of serotonylation of transglutaminase (TG2) substrate protein by 5-HT. This posttranslational modification is catalyzed by the TG2 enzyme resulting in formation of serotonylated protein and ammonia. distal PASMCs exposed to hypoxia and this is related to cellular proliferation (unpublished data).
5-HT
Pinkas et al. (65) demonstrated that activated TG2 undergoes major conformational change, simultaneously allowing access of protein substrates to its active site. The constitutively dormant TG2 was observed to be activated during cellular stress and tissue injury (76) . Interestingly, extracellular TG2 is activated by both a disulfide-reducing agent, thioredoxin (Trx) (32) , and a ligand for Toll-like receptor 3, polyinosinic-polycytidylic acid (76) .
Regulation of Transglutaminase 2 by Intracellular Calcium
Achyuthan and Greenberg (3) first observed that GTP is a specific substrate for TG2 and is required for regulation of TG2 function through inhibition of transglutamidating activity. In addition, these investigators showed that GTP protects TG2 against proteolytic degradation and reported that Ca 2ϩ reversed the effects of GTP on TG2 activity and proteolysis. Later Zhang et al. (100) showed for the first time that in situ TG2 activity is directly stimulated by muscarinic cholinergic receptor-mediated Ca 2ϩ mobilization through production of inositol 1,4,5-trisphosphate (IP3) and that inhibition of GTP increases TG2 proteolytic degradation. Liu et al. (48) observed that 5-HT-induced posttranslational modification of TG2 substrate protein was markedly decreased in the presence of the Ca 2ϩ -chelating agent EGTA. Ca 2ϩ -dependent TG2-mediated posttranslational modification of proteins at selected glutamine residues is beginning to demonstrate a potentially important presence in multiple diseases including PAH (72, 75, 86) .
The importance of calcium channels and receptors in PH is complex and not completely understood. Clinical investigations have suggested that calcium channel blockers are beneficial in some patients with PAH, whereas other patients do not respond (81) . Intracellular Ca 2ϩ in PASMCs is mobilized from both intra-and extracellular sources through a variety of channels including voltage-dependent, receptor-operated, and store-operated calcium channels (94) . Recently, the extracellular Ca 2ϩ -sensing receptor was reported to be an important regulator of Ca 2ϩ mobilization and has been implicated in increased PASMC proliferation in PAH (94) . In addition, Xia et al. (92) have reported that the nonselective Ca 2ϩ -permeating transient receptor potential (TRP) vanilloid 4 channel is required for 5-HT-dependent contraction of PASMCs in a hypoxia-induced mouse model of PH. Interestingly, 5-HT was found to induce IP3 and Ca 2ϩ mobilization through a 5-HT 2 receptor in rat aortic smooth muscle cells (SMCs) (13) . Later Saini et al. (71) showed that inhibitors of the Ca 2ϩ channel, sarcoplasmic reticular Ca 2ϩ pumps, and 5-HT 2A -specific receptor attenuated the 5-HT induced intracellular Ca 2ϩ levels in these cells.
Nitric oxide has been found to inhibit 5-HT-induced Ca 2ϩ mobilization and thereby to produce vasodilation in PASMCs (97) . In addition to 5-HT, dexfenfluramine has been reported to increase intracellular Ca 2ϩ flux from both sarcoplasmic reticulum and extracellular sources in rat PASMCs (67) . In a similar experimental model, BMP2 decreased TRP canonical (TRPC) channel expression and attenuated intracellular Ca 2ϩ levels, cell proliferation, and migration; furthermore, these cellular effects were reversed with BMP2 knockdown (101). Yu et al. (96) observed that PDGF-induced PASMC proliferation is mediated by intracellular Ca 2ϩ influx through a TRPC6 channel. Given the direct links between 5-HT and intracellular Ca 2ϩ levels, we may speculate that Ca 2ϩ -dependent TG2-mediated protein modification such as that seen with serotonylation is the defining step in regulating 5-HT-induced cellular effects. However, further studies are needed to evaluate this potential mechanism.
Serotonylation as a Function of Transglutaminase 2
Studies have demonstrated that serotonylation of protein may participate in such diverse processes as insulin secretion (64), vascular muscle contractility (90) , and neurotransmission (29) . Of considerable interest is the recognition that in addition to that of 5-HT similar transglutamidation reactions may occur in the presence of other primary amines, such as histamine (83), dopamine, and noradrenaline (30) .
Studies concerning serotonylation of protein or other intermediates in disease states are currently very limited. Walther et al. (85) first published about this phenomenon when they showed that serotonylation of small GTPases triggered platelet ␣-granule release. Guilluy et al. (24) noted the occurrence of transglutaminase-dependent RhoA activation and depletion by 5-HT in vascular smooth muscle cells and related this to SERT activity. This group later showed enhancement of serotonylation of RhoA in platelets of patients with PAH (23), an observation indirectly suggesting that TG2 activity that participates in the activation of RhoA may be elevated in these patients. Other cell-signaling molecules may be activated by serotonylation as recently demonstrated by Lin et al. (45) in the case of Ras.
More recently, TG2 was shown to interact with fibronectin and participate in PDGF-and PDGFR-mediated activation of downstream signaling events in vascular SMCs (99) . In addition, these investigators also showed that TG2 activation induces fibronectin expression and promotes PDGF-dependent proliferation and migration of SMCs. Curiously, transglutamidation was reported to be associated with fibronectin in several of the early reports (29, 55, 58, 79) . Liu et al. (48) pursued further investigations of TG2 activity and specifically of serotonylation of protein such as fibronectin in experimental studies with PASMCs in culture. These initial studies showed that treatment of PASMCs in culture with 5-HT resulted in serotonylation of multiple proteins of these cells (48) . One predominant protein that was serotonylated was fibronectin. This is of interest as alterations in fibronectin have been associated with experimental and clinical PH (33, 93) . Inhibition of SERT or TG2 activity resulted in blockade of the serotonylation that occurred in the PASMCs (48) . Furthermore, inhibition of TG2 activity blocked cellular proliferation and migration, hallmarks of PH, that were stimulated by 5-HT.
With the cellular findings in mind, these investigators sought evidence of enhanced TG2 activity in experimental animal models of PH and in patients with PAH (91) . Mouse and rat models of PH produced both by exposure to hypoxia and injection of monocrotaline showed increased serotonylation of fibronectin in lungs and blood, suggesting enhanced transglutaminase activity in these lungs and possible release of serotonylated fibronectin into the blood (91) . This observation suggested that the enhanced serotonylation of fibronectin might reflect an elevation of TG2 activity. Further collaborative studies by these investigators with Khosla and associates (12) , utilizing a TG2 substrate, 5-(biotinamido)pentylamine, whose product can be identified by fluorescent microscopy, strongly confirmed an in vivo elevation of TG2 activity in mouse lungs after 16 days of exposure of animals to hypoxia. Interestingly, Wang et al. (87) recently showed that serotonylation of Rho in Rho/ROCK signaling is important in monocrotaline-induced PH in rats and that this action is blocked by inhibition of the SERT by fluoxetine.
The aforementioned observations signal a strong importance of enhanced TG2 activity in the experimental model of PH and identify an elevation of products of TG2 activation in blood of humans with PAH. It is now needed to define possible mechanisms by which the elevated TG2 activity might translate to the physiological effects of the disease. Ball et al. (6) observed that HIF1␣ conditional knockout combined with tamoxifeninducible smooth muscle-specific Cre recombinase expression attenuated PH in hypoxia-exposed mice. Interestingly, Jang et al. (31) showed that HIF1 is a transcriptional regulator of TG2, which is required for evading apoptosis in tumor cells exposed to hypoxia. Recently, Chen et al. (10) showed that Trx1 expression and activity are increased in mouse lungs of a chronic hypoxia PH model. In addition, they showed that siRNA knockdown or pharmacological inhibition of Trx1 reduced PASMC proliferation by blocking HIF1 and consequent PI3K-Akt activation. In human aortic endothelial cells, NO has been shown to inhibit cytoplasmic TG2 secretion into the extracellular matrix (73) . These investigators further reported that extracellular TG2 secretion, TG2 cross-linking activity, and vascular stiffness are significantly increased in endothelial NO synthase (eNOS) knockout mice compared with the wild-type controls (34).
5-HT, calcium channels, HIF1, Toll receptors, and Trx may all interact with TG2 and participate in the process. The nature of these interactions needs to be addressed in future experiments. Several potential pathways that may produce a cellular effect related to TG2 need to be evaluated. These include 1) activation of central cell signaling molecules such as Rho kinase in the development of PH; 2) alteration by serotonylation of matrix proteins such as fibronectin that promote vascular remodeling; 3) activation of vascular contractile proteins by serotonylation such as has been demonstrated for the systemic circulation (82); 4) direct physiological alteration of interstitial proteins by TG2 that result in vascular wall "stiffness"; 5) transcription of cell proliferation-related genes; and 6) a combination of these effects.
Conclusions
From these observations it may be hypothesized that PAH is associated with a heightened state of activation of TG2 that is nurtured by changes in synthesis and fluxes of 5-HT. These alterations also may be activated by cellular Ca 2ϩ fluxes that are modified by 5-HT and known to stimulate TG2. Whether or not posttranslational modification of protein by serotonylation or direct actions of TG2 on cross-linking of vascular proteins participates in the pathogenesis of clinical PAH that can be altered by inhibition of TG2 remains to be determined. At the very least these protein modifications may provide new insights into features of PAH and offer novel biomarkers for the disease. 
